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I. INTRODUCTION
Neutron-rich nuclei in the A ≈ 60 mass region have been the subject of many recent experimental and theoretical investigations. Specifically, much attention has been devoted to documenting the evolution of shell structure with neutron number N in nuclei located above doubly-magic 48 Ca. In neutron-rich 52 Ca [1] , 54 Ti [2] , and 56 Cr [3] , a new subshell gap was established at N = 32, based on systematic studies of 2 + 1 energies and B(E2;2 + 1 →0 + 1 ) transition strengths [4] [5] [6] [7] . Indications of an N = 34 subshell closure have been found in 54 Ca [8] . It is by now well established that the monopole part of the tensor force plays a central role in the development of these two gaps [9] [10] [11] [12] . In contrast, in neutron-rich nuclei between Z = 20 and Z = 28 close to the proton mid-shell, evidence of sizable collectivity at low and medium spin has been accumulating. In both the Cr and Fe isotopic chains, the energies of the 2 Present address: National Nuclear Data Center, Brookhaven National Laboratory, Upton, New York 11973-5000, USA.
¶ Present address: Nuclear Science Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA. 64 Cr being the lowest among all the known N = 40 isotones [13] . Lifetime information and B(E2;2 + 1 →0 + 1 ) transition strengths for 58, 60, 62, 64 Cr [15, 16] and 62, 64, 66, 68 Fe [14, 16, 17] constitute additional supporting evidence. Furthermore, level sequences of rotational character have been reported at high spin in the Cr, Mn, and Fe isotopic chains [4, [18] [19] [20] [21] [22] . These observations have led Carpenter et al. [23] to propose a shapecoexistence picture to describe the low-and medium-spin structure of the even, neutron-rich Cr and Fe isotopes. Also, shell-model calculations have pointed to the importance of the deformation-driving ν0g 9/2 and ν1d 5/2 orbitals in this context [18, 24, 25] .
In the Ni isotopic chain, the Z = 28 shell closure stabilizes a spherical shape near the ground state in nuclei between 56 Ni and 78 Ni and the level sequences at low and moderate spin are described well by shell-model calculations [26] . Here, the filling of the neutron p 3/2 , f 5/2 , p 1/2 , and g 9/2 orbitals determines mostly the structure of low-energy excitations as shown quantitatively in the study of Ref. [27] . An N = 40 subshell closure is visible in 68 Ni through (i) the presence of a 0 + 2 state as the lowest excitation [28] , (ii) the fact that the 2 + 1 level is located at a high energy and is characterized by a small B(E2;2
strength [26, 29] , and (iii) the occurrence of a long-lived 5 − isomer [26, 30] . However, this N = 40 gap between the p 1/2 and g 9/2 single-particle states is estimated to be of the order of only 2 MeV. This relatively small value supports the results of shell-model calculations reproducing the structure of the yrast and near-yrast excited states in "doubly-magic" 68 Ni and in its one-hole neighbor 67 Ni which indicate that all the yrast and near-yrast levels are associated with complex configurations involving cross-shell excitations [26, 31] .
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Rotational sequences have been reported at moderate and high spin in some of the lighter even-even Ni isotopes: highly deformed and even superdeformed bands, built upon lower-lying single-particle excitations, have been observed in doubly-magic 56 Ni [32, 33] , as well as in 57 Ni [34, 35] , 58 Ni [36] [37] [38] , 59 Ni [39] , and 60 Ni [40, 41] . Remarkably, partial proton and alpha decays out of some of these bands have been reported in 56 Ni and 58 Ni. In contrast, no experimental evidence for collective excitations has been reported thus far for Ni isotopes closer to the N = 40 subshell closure. This is, at least in part, due to difficulties in producing these nuclei at the required high spins with conventional fusion-evaporation reactions because of the lack of suitable projectile-target combinations.
The present work reports on a new investigation of the 63 Ni nucleus, populated in a complex, high-energy reaction 26 Mg( 48 Ca,2α3nγ ) carried out in inverse kinematics. The use of a heavy beam on a lighter target provides the opportunity to perform coincidence measurements between γ rays and reaction products with full isotopic identification (e.g., mass A and charge Z). As a result, the existing low-spin sequence of single-particle states in 63 Ni [42, 43] was significantly expanded. More importantly, three rotational bands were discovered, of which two were linked to the lower-spin levels, herewith enabling the assignment of spin and parity quantum numbers within the sequences. Transition quadrupole moments were also extracted for two of the bands from partial Doppler shifts, albeit with rather large uncertainties. For the lower-spin states, the data are compared with the results of shell-model calculations in an f 5/2 pg 9/2 model space while the rotational bands are interpreted with guidance from calculations within the cranked Nilsson-Strutinsky approach.
II. EXPERIMENT
A novel experimental approach was used in an attempt to produce a large number of neutron-rich nuclei at high spin using complex reactions in inverse kinematics. A 48 Ca beam was provided by the Argonne Tandem Linac Accelerator System (ATLAS) at Argonne National Laboratory and impinged upon a self-supporting, 0.973-mg/cm 2 -thick 26 Mg target. The beam energies of 275, 290, and 320 MeV were chosen to be roughly 200% above the Coulomb barrier in order to favor multi-nucleon transfer processes in inverse kinematics [44] . The target was placed in the center of the Gammasphere array [45] , comprising 101 Compton-suppressed high-purity germanium (HPGe) detectors. The energy and efficiency for each HPGe detector was calibrated using standard 56 Co, 152 Eu, 182 Ta, and 243 Am sources. The reaction products were transported through the Argonne Fragment Mass Analyzer (FMA) [46] and were dispersed at the focal plane of the instrument according to their mass-to-charge ratio, M/q. However, in order to match the energy acceptance of the FMA, the recoil energy was degraded by placing a 0.7-mg/cm 2 -thick nat Ti foil directly in front of the entrance quadrupole, well outside the focus of Gammasphere. The use of this degrader did neither noticeably affect the position resolution at the focal plane nor cause an observable broadening of the recoil-particle cone. A microchannel plate (MCP) detector provided the position information for each recorded particle from which the corresponding M/q value was derived. For the Z identification, a threefold segmented ionization chamber, operated at 25 Torr, was placed 50 cm behind the focal plane. The first two segments, each of 5 cm length, were used to measure the energy loss of the products. The recoils came to rest in the third segment with a length of 20 cm. The trigger logic required the detection of a reaction product in the MCP detector in coincidence with a minimum of two γ rays in Gammasphere. For all events, the associated time information was recorded as well, thus enabling the measurement of the time of flight, ToF, of the transported reaction residues from the target to the FMA focal plane as well as the sorting of γ rays into various coincidence histograms with an appropriate prompt time condition.
Typical particle-identification plots are provided in Figs.  1(a)-1(c) . In the top panel, the energy loss in the first two segments of the ionization chamber, E, is plotted against the total energy (i.e., the sum of all three segments of the ionization chamber) of the products E total . Unit Z separation is achieved, and the circled region in the figure corresponds to the Ni isotopes. In Fig. 1(b) , the product of the total energy and the flight time ET 2 is displayed as a function of the chargeto-mass ratio M/q for the Ni isotopes. Despite achieving the desired separation between various products, ambiguities in M/q are present which made it imperative to implement an additional coincidence gate in the two-dimensional histogram of ToF versus E total [see Fig. 1(c) ]. A combination of the three coincidence conditions was subsequently implemented in the analysis to generate γ -γ coincidence matrices. Figure 2 (a) presents the total projection of the γ -γ coincidence matrix for 63 Ni obtained by placing gates on the focal-plane information described above. Transitions belonging to the low-energy level structure (labeled ND1 in the discussion hereafter) are indicated by their respective energies. While most of the γ rays could be readily associated with 63 Ni, care was taken to identify possible contaminants from other reaction channels by inspecting numerous spectra in coincidence with the strongest transitions in these other nuclei. The panels (b), (c), and (d) of the figure present representative coincidence spectra for three long γ -ray cascades identified in the present work. In each case, the energies of the relevant γ rays are given and the histograms have been obtained by summing the coincidence data for all in-band transitions. The resulting sequences of levels are labeled D1, D2, and D3 in the level scheme of Fig. 3 .
Spin and parity assignments are based mainly on examining the observed decay patterns and on analyzing either angular distributions (ADs) [47] and/or angular-correlation (AC) ratios (R AC ) [48] of deexciting γ rays. Comparisons with shell-model calculations (see below) were also taken into account. As the ADs are symmetric around 90
• , detectors at corresponding angles with respect to the beam axis in the forward and backward hemispheres were combined into a total of seven average laboratory angles between 17.3
• and 90.0
• . Gammaray intensities were determined for each angle and fitted to the canonical AD expression W ( ) = a 0 [1 + a 2 P 2 (cos ) + a 4 nth order, and the a 2 and a 4 coefficients contain the information on the multipolarity of the transition. In order to extract the AC ratios R AC , two coincidence matrices were incremented. • on the one axis. The AC ratio is then defined as
, where I γ (M(X, any)) denotes the intensity of a γ ray detected in the ad hoc matrix. Coincidence gates were placed on transitions of stretched-quadrupole character only.
For a sequence of two quadrupole γ rays (Q-Q), an AC ratio of R AC > 1 is expected, while a stretched-quadrupoledipole sequence (Q-D) results in R AC < 1. In the case of a sequence with a stretched-quadrupole and a mixed-dipolequadrupole (Q-D/Q) γ ray, R AC depends on the magnitude and the sign of the multipole mixing ratio δ. This can introduce some ambiguity and result in tentative spin-parity assignments. A summary of the relevant experimental information in terms of level and γ -ray properties can be found in Table I .
The thin-target, Doppler-shift-attenuation method was employed to extract, albeit with larger errors, transition quadrupole moments for a limited number of transitions in the D1 and D2 bands, following the method of Ref. [49] . Despite the use of a thin target, a number of transitions in the cascades of interest were emitted before the residues escaped the target; i.e., while the recoiling nuclei are slowing down in the material. As a result, these γ rays exhibit Doppler shifts different from the average one and a fractional shift F (τ ) can be deduced from spectra measured at different angles. This procedure was followed to obtain F (τ ) values from the E beam = 320 MeV data. The relevant F (τ ) values are plotted versus transition energies for bands D1 and D2 in Figs. 4(a) and 4(b), respectively. Transition quadrupole moments Q T were extracted from comparisons with simulated F (τ ) fractions computed with the Monte Carlo code WLIFE4 [50] . The latter follows the emission of γ rays emitted by recoiling nuclei decelerating in the target. The stopping process was obtained from the SRIM2008 computer code [51] . Side-feeding transitions were considered by means of a single rotational cascade with the same dynamic moment of inertia J (2) and the same transitional quadrupole moment Q T as the sequence under analysis. An additional parameter T SF accounts for a one-step feeding delay on top of each band and was set to T SF = 1 fs throughout the analysis. A χ 2 minimization was carried out. The best fit is indicated by the solid black lines in Fig. 4 . The statistical errors F (τ ) stat , obtained from fits with a χ 2 value increased by one, result in the dashed blue lines of Fig. 4 . In addition, a systematic error of F (τ ) sys = ±10% is added to take uncertainties in the simulation of the stopping process into account.
III. RESULTS
A total of 38 excited states, feeding the 9/2 + isomer (t 1/2 = 3.3 ns [42] ) either directly or indirectly, were placed in the level scheme of 63 Ni on the basis of the coincidence analysis discussed above. The construction of the level scheme started from the earlier work of Refs. [42, 43] , and just above the long-lived state, a number of levels have been grouped under the label ND1 in Fig. 3 . For these levels, firm spin and parity assignments are proposed on the basis of the measured angular distributions and correlations (see Table I ). All the transitions associated with the ND1 sequence were found to be characterized by the average Doppler shift; i.e., the associated feeding and intrinsic state lifetimes are longer than the time taken by the 63 Ni nuclei to escape the target. Band D1 extends from the 17/2 + level at 4871 keV to the (53/2 + ) state at 24 499 keV. This sequence is unambiguously linked to the ND1 structure via two depopulating γ -ray Band D2 is the most intense of the three sequences, as illustrated in Fig. 5 , where intensities are presented as a function of the γ -ray energies. As a result, it also contains the highest excitation (27 223 keV) observed in the present work and is, hence, assumed to be yrast at high angular momentum. A single 967-keV transition was found to link the D2 and ND1 level structures. This γ ray is weaker than the lowest in-band transitions ( Table I ), indicating that the deexcitation out of the band proceeds through more than one path. This finding is confirmed by the coincidence spectra gated on both the in-band and ND1 transitions, but it was not possible to delineate additional paths due, presumably, to a degree of fragmentation of the missing intensity. Table I , it is characterized by an intensity roughly a factor of 3 smaller than that of bands D1 and D2. While the assignment to 63 Ni is confirmed through the observed coincidence relationships and the gating on the A and Z information measured at the FMA focal plane, the precise excitation energy of band D3 remains in doubt, as illustrated in the level scheme of Fig. 3 . The available evidence indicates that the cascade feeds mostly into the 21/2 − state at 6.3 MeV of the ND1 structure, suggesting a likely negative parity for the states within band D3. However, at the bottom of the sequence, the 622-keV line appears to be somewhat less intense than the preceding 979-and 1302-keV γ rays, a situation not without similarity to that observed in the decay out of superdeformed bands [52] . Furthermore, the assumption that the 622-keV transition is a direct link to the 21/2 − level would lead to the conclusion that band D3 is yrast over most of the observed spin range, in contradiction with the measured relative intensities of the three bands. It is, thus, likely that the deexcitation proceeds through a number of linking transitions of intensity below the detection sensitivity of the experiment, as is sometimes the case with superdeformed and other collective bands. also indicates that the intensity of band D1 becomes similar to those of the two other bands at the highest transition energies. The assumption that this observation can be related with the fact that, at the highest spins, the three bands are close in excitation energy and, hence, compete for yrast status, leads to a rough estimate of the excitation energy and spin of the bandhead illustrated in Fig. 6 . If the highest level of band D3 lies close in energy to the (57/2 + ) state in band D2, as indicated in the figure, the bandhead would be characterized by an excitation energy of about 12.7 MeV and a spin value of 25/2. These two quantities become 9.95 MeV and 21/2 when the highest levels of bands D1 and D3 are closest in energy (not shown in Fig. 6 ). Note that these conjectures do not imply that the sequence is necessarily characterized by a large deformation: due to low statistics, it was not possible to extract a transition quadrupole moment for band D3.
By examining Figs. 5 and 6, both the intensity pattern of the three bands and their decay-out behavior can be readily understood. For bands D1 and D2, the intensities increase with decreasing spin due to the fact that they are fed from higher-lying states over nearly the entire sequence of observed levels. This suggests that these bands are yrast or near-yrast over their entire range. It then follows that, at the point of decay to the ND1 states, the number of levels available for the bands to decay into is rather small, resulting in the observation of linking transitions. In contrast, Fig. 6 indicates that band D3 quickly becomes non-yrast, consistent with the observation that the band is only fed at the highest spins. In addition, at the point of decay, the band lies high in excitation energy which should result in sizable fragmentation of the decay to the ND1 states as has been observed for superdeformed bands.
IV. DISCUSSION
A. Collectivity and deformation in 63 
Ni
As discussed above, three sequences with rotational character (D1, D2, and D3) are present at fairly low spin and excitation energy in 63 Ni. In Fig. 7(a) , the evolution with rotational frequency, ω, of the spin along the rotational axis, I x , for the three bands is compared with that observed in Ref. [21] for the yrast sequence of 60 Fe. Note that the spin vector is assumed to be directed along the x axis, i.e., I x = I . Above I π = 6 + , the levels of the yrast sequence of 60 Fe have been interpreted in terms of a rotational band with an aligned pair of g 9/2 neutrons which is associated with an axially symmetric nuclear shape and a deformation parameter β 2 ∼ 0.2. At frequencies below 1 MeV/h, the states in bands D1 (solid red squares) and D2 (solid blue triangles) exhibit I x values comparable to those of the ν(g 9/2 ) 2 configuration in 60 Fe, suggesting that the excitations are of the same character and are associated with a deformed shape as well. At higher frequencies, however, an additional gain in I x is visible in bands D1 and D2. While the increase is smooth in the D1 sequence, it is sudden in band D2: a backbending occurs around I = 41/2, indicative of a band crossing and a change in intrinsic structure that is discussed in the next section. For illustration purposes, band D3 (solid green circles) is plotted in the figure under the assumptions discussed above and represented in Fig. 6 ; i.e., with a bandhead energy of 12.7 MeV and a spin value of 25/2. The resulting trajectory in the I x vs ω plane is similar to those of the two other sequences at higher rotational frequencies (ω > 1 MeV/h). Thus, the data support the view that deformation is present and also suggest that the three bands are associated with configurations involving the alignment of several particles with the rotational axis.
Further information on the nature of the three sequences can be gathered from comparisons with other deformed bands in nuclei of the A = 60 mass region. Figure 7(b) illustrates the angular momentum gain I x vs rotational frequency for selected bands in 56 Ni (SD2 in [32, 33] ), 57 Ni (SD1 in [34, 35] ), 58 Ni (B3 in [37] ), 59 Ni (B2 in [39] ), and 60 Ni (W D2 in [41] ): all are close to the trajectory of the ν(g 9/2 ) 2 excitation in 60 Fe. In fact, configurations assigned to the respective bands in [57] [58] [59] [60] Ni include at least two particles (protons and/or neutrons) in the g 9/2 orbitals while, for band SD2 in 56 Ni, the configuration involves a single g 9/2 proton. For these five sequences, the deformation parameter |β 2 | was either obtained from a lifetime measurement or inferred from comparisons of the data with cranked Nilsson-Strutinsky calculations (see Table II same range as those reported above for bands D1 and D2 in 63 Ni (see Sec. III). Figure 7 (c) extends the I x vs ω comparison further with selected bands in 60 Zn (SD in [53] ), 61 Zn (SD in [54] ), 62 Zn (SD in [55] and SD1 in [56] ), and 65 Zn (SD1 in [52] ). Since the 65 Zn SD1 band has not yet been firmly linked to the lowerlying states, the spin value of 33/2 proposed by Yu et al. [52] for the bandhead was adopted. In comparison with the trajectory for the aligned (g 9/2 ) neutrons, these bands exhibit the larger alignment gains that characterize bands D1, D2, and D3 at the highest frequencies. As seen in Table II , the |β 2 | deformation parameters are available for these bands in the Zn isotopic chain from lifetime measurements carried out with the same Doppler-shift-attenuation method used in the present work. These Zn bands are characterized by |β 2 | values of 0.4 or higher which lead to an interpretation in terms of superdeformation. Albeit with fairly large uncertainties, the deformation parameters of bands D1 and D2 in 63 Ni appear to be in the same range, suggesting sizable deformation in this case as well. 
B. Interpretation from cranked Nilsson-Strutinsky calculations
From the discussion above, it is clear that an interpretation within the framework adopted for the description of most of the collective bands observed in the Ni [32, 33, 35, 37, 39, 41] and Zn [52] [53] [54] [55] [56] isotopic chains is warranted. Hence, calculations were performed within the configuration-dependent cranked Nilsson-Strutinsky (CNS) model with the formalism described in Refs. [57] [58] [59] . This model considers rotation from the intrinsic frame of reference, in which nucleons experience the effects of the Coriolis and centrifugal forces. At each spin, the total energy of specific configurations is minimized with respect to the relevant deformation parameters. The calculations have been performed with the single-particle parameters that have recently been fitted [60] to the high-spin bands of nuclei with A = 56-62. For the active N = 3,4 major shells, these parameters are given in Table III . Pairing effects are neglected as they are expected to play a minor role at high spin (>15h). Proton and neutron excitations across the Z = N = 28 shell gaps into the N = 3,4 orbitals and into the 1g 9/2 orbital are considered, and the configurations of interest are labeled hereafter as [p 1 (±)p 2 , n 1 (±)n 2 ], a notation that defines the occupation of active high-j subshells. Here, p 1 (n 1 ) denotes the number of holes in the 1f 7/2 orbital and p 2 (n 2 ) denotes the number of particles in the 1g 9/2 orbital for protons (neutrons) relative to a closed 56 Ni core [58] . In addition, the (±) notation is added for an odd number of (fp) protons or neutrons in order to specify the signature of these particles, where (fp) refers to the orbitals of p 3/2 f 5/2 character [60] .
Results of the CNS calculations and comparisons with the data are displayed in Fig. 8: panel (a) presents the experimental level energies as a function of the angular momentum I with a rotating liquid drop (rld) energy subtracted [59] , and panel (b) provides the same energy differences for the bands resulting from the calculations. In Fig. 8(c) , the difference between experimental and calculated energies is given, where good agreement between theory and experiment should result in values close to zero. However, because pairing is neglected in the calculations, differences near zero should be expected only 054314-7 FIG. 7. (Color online) Spin along the rotational axis I x vs rotational frequency ω for (a) bands D1, D2, and D3 in 63 Ni and the ground-state band in 60 Fe (GSB in [21] ); (b) selected rotational bands in 56 Ni (SD2 in [32, 33] ), 57 Ni (SD1 in [34, 35] ), 58 Ni (B3 in [37] ), 59 Ni (B2 in [39] ), and 60 Ni (W D2 in [41] ) together with the trajectory of the yrast band in 60 Fe in the I = 8-20 range, where this sequence is associated with a configuration with two aligned g 9/2 neutrons; (c) same as (b), but for selected bands in 60 Zn (SD in [53] ), 61 Zn (SD in [54] ), 62 Zn (SD in [55] and SD1 in [56] ), and 65 Zn (SD1 in [52] ). See text for details.
at high spin, with an increase at lower I values reflecting the gradual gain in importance of pairing with decreasing spin.
As the I π quantum numbers for the levels in band D1 are firmly established, comparisons between experiment and theory are expected to be particularly relevant in this case. In the high-spin range, above I ≈ 20, the (E exp − E rld ) curve exhibits a positive curvature: this is typical for unpaired configurations and corresponds to an approximate straight line in the I x vs ω plane [see Fig. 7(a) ]. At lower spins, on the other hand, the curvature is negative and the I x vs ω curve suggests the presence of one or several alignments. Therefore, it is only at high spin that an assignment to a CNS configuration can be proposed. The minimum near I = 25, the gain in alignment larger than that associated with (g 9/2 ) 2 configurations [ Fig. 7(a) ], and the positive parity of the states lead to the conclusion that band D1 must be associated with a configuration including three g 9/2 particles. From the calculations, an assignment to the [31, 02] configuration is proposed, where the trajectory with signature α = −1/2 for the five (fp) neutrons, [31, 0(−)2], results in the best overall fit. The energy differences in the lower panel of Fig. 8 are rather constant for I > 20 at a value close to 1 MeV. The latter is somewhat high, but within acceptable limits for the calculations; see, e.g., Ref. [59] . With the method described in Ref. [61] , an average transition quadrupole moment Q T = 1.7 eb is calculated for this [31, 0(−)2] configuration. However, a gradual migration of the local energy minimum for this configuration in the (β 2 , γ ) plane translates into the transition quadrupole moment decreasing from ∼1.9 eb at I = 25/2 to ∼1.5 eb for I = 41/2. The calculated Q T value is about 30% lower than the experimental one, although the uncertainties on the latter are large. A similar observation has been made for other nuclei in this mass region (e.g., 59 Ni [39] ). In the I x vs ω plot of Fig. 7(a) , band D2 first exhibits a trajectory rather close to that of the ν(g 9/2 ) 2 configuration of 60 Fe before undergoing a band crossing around ω ∼ 1.1 MeV/h, followed by a smooth increase in I x mirroring that seen in band D1. The similarity between the two sequences at the highest frequencies suggests that they are associated with similar configurations, a finding supported by the results of the CNS calculations and a [31, 0(+)2] assignment is proposed. This configuration differs from that proposed for band D1 by the signature of the three f 7/2 proton holes as well as that of the fp neutrons. As can be seen in Fig. 8 , the agreement between the data and the calculations at high spin is comparable to that achieved in the case of band D1 with a difference between theory and data [panel (c)] of roughly 1 MeV. Most notably, the calculations predict this excitation to become yrast, in agreement with the data. Furthermore, the CNS results also indicate that this [31, 0(+)2] configuration crosses the [2(−)1, 0(+)2] one, resulting in the backbending seen in the data. Hence, the gain in alignment is understood in the CNS context as resulting from the single-particle crossing (unpaired crossing) involving the third f 7/2 orbital and the lowest fp state. It is interesting to note that the same crossing has been invoked earlier in the interpretation of bands B1 and B2 in 58 Ni [37, 60] . In the case of 63 Ni, the crossing is calculated to occur at a spin of I ≈ 45/2, a value somewhat higher than seen experimentally (I ≈ 37/2) while, with the present parameters, the crossing is calculated at the correct spin value in 58 Ni [60] .
In order to remove the discrepancy in 63 Ni, the Z = 28 gap would have to be decreased by ∼1 MeV, perhaps suggesting a decrease with increasing N in this A = 60 mass region. Nevertheless, the present interpretation should be viewed as tentative as, in addition to the difference in the spin value where the crossing occurs, the magnitude of the measured gain in alignment of ∼5h is somewhat larger than the computed one of ∼3.5h. Finally, the CNS calculations yielded an average transition quadrupole moment of Q T = 1.5 eb at the point where the two configurations of interest cross, consistent with the data within the large experimental errors and with the moment calculated for the [31, 0(−)2] configuration of band D1. Just as was the case with the latter band, the Q T moments for the two configurations associated with band D2 are calculated to decrease with increasing spin due to the migration of the local energy minima in the (β 2 , γ ) plane.
A configuration is not proposed for band D3 in view of the remaining uncertainties regarding the excitation energy, spin, and parity of its bandhead (see above). In Fig. 8(a) , this sequence is presented under the assumptions used for Fig.  7(a) ; i.e., with an E x = 12.7 MeV bandhead energy and a spin and parity of 25/2
− . Under such a scenario, the (E exp − E rld ) curve exhibits a behavior similar to those of bands D1 and D2 at higher spins (I > 41/2), supporting the suggestion of unobserved linking transitions between the band and the normally deformed states of structure ND1. In the CNS calculations, negative-parity configurations appear at energies close to those of the positive-parity ones. They involve the same proton orbitals, but require the excitation of an additional g 9/2 neutron. Such assignments are in line with the larger gain I x exhibited by band D3 in Fig. 7(a) . It should be noted that such configurations have been assigned to the high-spin bands in 65 Zn [52] , for example. Additional measurements will be required to investigate such excitations further in 63 Ni.
C. Shell-model calculations of the N D1 level structure
The states regrouped under the ND1 label are built directly on the ground state and on the lowest levels which are understood as corresponding to excitations where the odd neutron occupies the various orbitals located near the Fermi surface. As the ND1 states do not exhibit the rotational characteristics of the D1, D2, and D3 bands, these are interpreted here in the framework of the shell model. For this purpose, calculations were performed with the Oslo shell-model code [62] . A 56 Ni core was assumed with a valence space restricted to the f 5/2 , p 3/2 , p 1/2 , and g 9/2 neutron states. The JUN45 [63] and jj44b [64] effective interactions were considered.
The results of the calculations are compared with the data in Fig. 9 . The comparison includes the ND1 states below 7.5 MeV and the bandheads of the two deformed bands D1 and D2 (marked in red in Fig. 9) . A fair agreement between measured and calculated energies is achieved with either interaction with rms deviations of 0. based on these two levels being associated with sizable deformation. The slightly lower rms deviation obtained with the jj44b Hamiltonian is not surprising since this interaction was obtained by including experimental data from nuclei with Z = 28 to 30 and N = 48 to 50 [64] . In contrast, the JUN45 effective interaction was derived by specifically excluding the Ni isotopes from the fit [63] . The jj44b interaction, however, fails to correctly reproduce the ground-state spin of 1/2 − [65] , although the three lowest-lying states of spin and parity 3/2 − , 5/2 − , and 1/2 − are calculated to lie within a range of only 110 keV, reflecting the close proximity of the neutron single-particle orbitals 2p 3/2 , 1f 5/2 , and 2p 1/2 in the 63 Ni nucleus. Finally, it is worth noting that both interactions predict the presence of rather closely-spaced pairs of states, such as the 11/2 + -13/2 + and 15/2 + -17/2 + sets, for example. Such pairs of levels have been observed recently in 67 Ni [31] , but are less apparent in the ND1 structure. A more extensive study may be required to expand knowledge on the ND1 levels further. Alternatively, it is also possible that the available states exhibit a more vibrational-like character that would require a more expanded configuration space for an adequate description.
V. CONCLUSIONS
The level scheme of the semimagic nucleus 63 Ni has been extended up to an excitation energy of 28 MeV and a (tentative) spin and parity of 57/2 + with a novel experimental approach using complex reactions in inverse kinematics at energies roughly 200% above the Coulomb barrier. The residues of interest were identified in mass and charge through the FMA and the resolving power of Gammasphere enabled the use of a number of conventional spectroscopic techniques including high-fold coincidence studies, angular-distribution and -correlation measurements, and lifetime determinations by the Doppler-shift-attenuation method with thin targets. While the low-energy, low-spin level structure of 63 Ni exhibits properties characteristic of particle-hole excitations that can be understood with shell-model calculations, the higher-spin scheme is dominated by three rotational bands. For two of the three sequences, a sizable deformation was deduced, admittedly with large errors. Based on the results of cranked Nilsson-Strutinsky calculations, the two strongest excitations are understood as being associated with configurations involving multiple f 7/2 proton holes and g 9/2 neutrons which drive the nucleus to sizable deformation. These results extend the observation of collective motion in the Ni isotopic chain from 56 Ni and its neighbors to those midway to 68 Ni.
